Hepatitis C virus (HCV), a 10-kb positive-stranded RNA virus, has recently been shown to be the major causative agent of parenterally transmitted non-A, non-B hepatitis (1, 5, 11, 21) . Despite little overall primary sequence identity, the genetic organization of HCV has been shown to be similar to those of flaviviruses and pestiviruses (6, 26, 33) . Significant genetic heterogeneity has been reported among isolates from different geographic areas (17) and within single isolates from the same individual (17, 20, (33) (34) (35) . Comparative sequence analysis of the different HCV isolates has shown, however, that the degree of variability is unevenly distributed throughout the HCV genome, with some very well conserved regions (6, 13, 17, [33] [34] [35] and some highly variable genes (17, 20, (33) (34) (35) . In addition, the rate of fixation of mutations of the HCV genome has been estimated to be similar to that of other RNA viruses (approximately 10-3 to 10' base substitutions per genome site per year), and evidence suggesting that the HCV genome may rapidly evolve in vivo, with different rates of evolution for different regions of the viral genome, has been provided (27) .
Since the pioneering studies by Batschelet et with little evolution of its consensus or master sequence as long as conditions are unchanged (7, 15, 18, 22) .
Many important biological implications predicted by the quasispecies model (8) have been found in several virus systems displaying such genomic structure, including vaccination failure through selection of neutralizing antibody escape mutants (19) , establishment of persistent infection by selection of neutralizing antibody or cytotoxic T-lymphocyte escape mutants (23, 28, 30) or by generation of defective interfering particles (14) , resistance to antiviral agents (29) , and changes in cell tropism or virulence (9, 12) .
In an attempt to define the degree of heterogeneity among circulating HCV RNA molecules within individual isolates, we analyzed a series of four sequential HCV isolates from an individual with transfusion-associated HCV and human immunodeficiency virus coinfection. Polymerase chain reaction (PCR)-amplified products of cDNA corresponding to fragments of the 5' untranslated region (5'UTR) and nonstructural region 3 30 cycles of 94°C for 1.5 min, 60°C for 2 min, and 72°C for 3 min), using specific oligonucleotide primers of the 5'UTR (13) and NS3/NS4 regions (16) . As represented in Fig. 1 , the amplified products were 237 and 584 bp long, and their specificity was confirmed by Southern hybridization with P probes. 5 (6, 13) . Horizontal solid lines represent restriction fragments generated from each product for subsequent cloning and sequencing. Oligonucleotide primers JHC 52 (5'-AGTCTTGCGGC CGCACGCGCCCAAATC), JHC 93 5'-TICGCGGCCGCACTC CACCATGAATCACTCCCC), C36/16A (5'-GCATGTCATGATGT AT), and C36/16B (5'-GCAATACGTGTGTCAC) used for cDNA synthesis and PCR amplification were synthesized according to the HCV-1 prototype sequence (13, 16) . LKB). Positive recombinant clones were subcloned into M13mpl9. Six to twenty independent recombinant subclones were sequenced by the dideoxy-mediated chain termination method (31) . The Maxam-Gilbert chemical degradation method (24) was used to resolve sequencing ambiguities.
When the sequences of 20 independent NS3 clones from the sample obtained 2 months postransfusion were compared (Table 1 and Fig. 2a ), 9 sequences (45%) were identical (master sequence) and 11 (55%) differed from each other and from the master sequence in one to four nucleotides. Similarly, of the 20 5'UTR clones from the same sample, 12 sequences (60%) were identical and 8 (40%) contained single, nonrepetitive base substitutions (Table 1 and Fig. 2b ). The predicted amino acid sequence encoded by the master NS3 sequence was identical to that of the corresponding HCV-1 prototype (16) . However, of the 25 base substitutions observed (Fig. 2a) To ensure that the observed heterogeneity was not due to nucleotide misincorporations introduced by the reverse transcriptase or the Taq DNA polymerase during the amplification reaction, two control experiments were carried out. First, one of the NS3 recombinant clones of known sequence was in vitro transcribed with SP6 RNA polymerase (Boehringer Mannheim). The RNA transcript was subjected to the original RT-PCR amplification procedure under identical conditions, and the amplified product was subcloned. Sequence analysis of five independent clones showed absolute identity with the parental clone from which the RNA transcript had been obtained. In a second experiment, the cDNA insert of one of the sequenced 5'UTR recombinant clones was subjected to 35 additional cycles of PCR amplification and subcloned. Within 23 such clones (5,451 bases sequenced), only one nucleotide change (A --G) was detected in one of the clones. Therefore, it seems that the observed heterogeneity was not an artifact, although some of the base substitutions might have been introduced during the amplification procedure.
With such a low level of misincorporation noise, the finding that two distinct and well-conserved regions of the viral genome (17) were composed of a mixture of cocirculating related genomes distributed as a predominant or master sequence and a spectrum of mutants (representing altogether about half of the genomic population) provides unequivocal evidence of the quasispecies structure of the HCV genome. Additional sequencing of 6 to 10 independent 5'UTR recombinant clones, generated from subsequent samples obtained later within the acute phase (at 3 months postransfusion) and during the chronic phase (at 6 and 29 months postransfusion), showed similar distribution and complexity of the quasispecies for that region again with randomly distributed single nonrepetitive base substitutions in each of the mutants around a conserved master sequence (Table 1 ). This finding demonstrates that the observed quasispecies distribution was not a phenomenon restricted to the acute phase of the infection.
Demonstration of the quasispecies structure of the HCV genome implies the need for a population-based approach when one is analyzing HCV genomes. Accordingly, the average or consensus sequence of each nucleic acid region should always be carefully defined when one is trying to determine the complete genomic sequence of a given isolate. Otherwise, reconstruction of the HCV genome by randomly sequencing overlapping clones of PCR products obtained from plasma pools of different subjects (or even from a single patient) would generate an artifactual genomic mosaicism.
Given our limited knowledge of the biological functions of most HCV genome regions and of their encoded products, besides the potential problems for vaccine development, it is not possible at present to anticipate which of the several relevant implications predicted by the quasispecies model will be applicable to HCV. One may speculate, however, on two possible mechanisms which might play a role in the two most striking features of HCV infection: its high tendency toward viral persistence and the characteristic smoldering and fluctuating course of chronic hepatitis C. On the one hand, the high degree of heterogeneity of the envelope- 
